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Abstract
The crystal structures of cyclohexanespiro-2-{4-phenyl-5-aza-3-oxabicyclo[4.4.0]deca-1 (6),4-diene } (I) and the corresponding spirothiazine (II) were solved by direct methods using three-dimensional X-ray diffraction data. Compound (I), C19H23NO, Mr= 281.4, monoclinic, space group P21/c, a= 15. 157 (9) , b= 0108-7681/89/030276-08503.00 10.584 (3), c = 9.745 (3) A, fl= 96.38 °, V= 1553.6 A 3, z = 4, D x = 1.20 Mg m -3, Mo K~, ~, = 0.7107 A, # = 0.39 mm -l, F(000) = 608, T= 293 K, R = 0.058 for 1782 reflections with I > 3or(/). Compound (II), C19H23NS, M r = 293.5, monoclinic, space group P21/a, a=9.901 (3), b= 19.074 (9), c= 9.411 (3)A, fl= 114.10 °, v= 1622.3 A 3, z=4, D x = 1.20 Mg m -3, Mo K~, 2 = 0.7107 A, /2 =
Introduction
Oxazines, thiazines and selenazines belong to different classes of compounds with chemical, pharmaceutical and industrial applications which have been amply demonstrated in the literature (Schmidt, 1972; Le Perchec, 1986; Sainsbury, 1984) . It is also well known that the methodologies for the elaboration of quarternary carbon centers have become increasingly sophisticated (Martin, 1980) and when the molecular architecture includes a spiro carbon center, the synthetic challenge is particularly demanding (Krapcho, 1976) .
For these different reasons, it seemed interesting to carry out a detailed comparative study of the structures of the oxazine (I), thiazine (II) and selenazine (III), which possess a spiroheterocyclic framework. Compounds (I), (II) and (III) have been studied by NMR spectroscopy; only compounds (I) and (II), which gave suitable crystals, have been investigated by X-ray diffraction.
Experimental
Synthesis and crystallization C yclohexanespiro-2-/ 4-phenyl-5-aza-3-oxabicyclo-[4.4.0]deca-l(6),4-diene} (I) was prepared by condensation under acidic conditions of benzamide (IV) with 2-(1-cyclohexenyl)cyclohexanone (VII), which was produced by aldol dimerization of cyclohexanone.
The annelation of the primary product (VIII) was achieved photochemically (Bochu, Couture & Lablache-Combier, 1986) , by irradiating a carefully degassed solution of (VIII) in hexane (5 x 10-3M, 2537 A, 2 h).
The corresponding spirothiazine (II) and selenazine (III), were readily accessible by direct condensation of the carboxamides (V) and (VI) (Cohen, 1978) with the bicyclic ketone (VII).
Compounds (I) and (II) were obtained as white crystals after recrystallization in a toluene-hexane mixture [m.p. 370-371 K for (I) and 362-363 K for (II)].
NMR
The IH and 13C NMR spectra were recorded on a Bruker AM400WB spectrometer at 298K using 5 mm o.d. sample tubes containing solutions of the samples in C6D 6 or in CDC13. Chemical-shift references were tetramethylsilane (Me4Si) or the appropriate solvent relative to Me4Si. Typical ~H acquisition parameters were sweep width 4032 Hz and 25 ° flip angle corresponding to 3 las. The ~3C spectra were recorded at 100.62MHz with Waltz proton decoupling (decoupler power of 0.6 W). Typical acquisition parameters were sweep width 23 809 Hz, 30 ° flip angle corresponding to 2 las, pulse repetition rate 3.38 s and NS = 400 transients. Spectral editing was performed using the standard DEPT sequence of the Bruker micro program library (Bendall, Doddrell, Pegg & Hull, 1983) ; the 90 ° decoupler pulse was 10.6 las.
The two-dimensional experiments were performed by application of standard micro programs (Morris, 1986; SPIROCYCLOHEXANE OXAZINES, THIAZINES AND SELENAZINES Hull, 1982) . The homonuclear ~H chemical-shift-correlated two-dimensional diagrams were obtained by application of the COSY 45 ° sequence with N-type selection. Parameters were as follows: X~ = 256 increments accumulated in t~ and X 2 = 2K data points in t2;
the sweep width was S Wi = 2016 Hz in t I and SW 2 = 4032 Hz in t2; NS = 16, recycle delay 2.25 s; zero filling in t~ and transform with sine bell in both dimensions; spectra were symmetrized. The sequence used in the heteronuclear shift correlation is an extension (Bax, 1983) of the standard experiment: RD-90 ° (IH)-tv2-180° (13C)-t~/2-D3-90° (IH)-90° (~3C)-D4-t2 which removes JHH coupling from the F1 domain. The spectrum was accumulated with 128 increments in t~ and 2K data points in t 2. The spectral width was 2015 Hz in t~ and 14 706 Hz in t2. The delay times D 3 and D 4 were 3.33 and 1.66 ms respectively. The FID's were multiplied with a Gaussian function and zero-filled in t~.
Data collection, structure solution and refinement
Both crystals had a prismatic shape, dimensions 0.6 × 0.4 × 0.2 mm for (I) and 0.3 × 0.15 × 0.4 mm for (II). Automatic four-circle diffractometer (Philips PW 1100), e9--219 mode using Mo Kfi radiation. The two data sets at 293 (2) K were recorded using similar 09-20 scans, scan width = 1.3 °, scan speed = 0.030 ° min -1, 408 1 intensities up to sin0/2 < 0.703 A-1, _ 15 _< h < 15, k < 13, l < 12 were collected for (I), and 4228 intensities with sin0/2 < 0.703 A -I for (II), -13 < h < 13, k < 25, l < 11. Lattice parameters from 25 reflections (20 < 0 < 27 °) for (I) and from 25 reflections (20 < 19 < 27 °) for (II).
Three standard intensities monitored at intervals of 2 h showed no significant variation. Both data sets were corrected for Lorentz and polarization factors, but no absorption and extinction corrections were made.
Both structures were solved by direct methods with MULTAN (Germain, Main & Woolfson, 1971 ) using 499 reflections with normalized structure factors E > 1.49 (I) and 1.52 (II). For both structures, the H atoms were obtained from a Ap synthesis and adjusted to the theoretical distance from the bearing C atoms.
The non-H and H atoms were refined anisotropically and isotropically, respectively, by full-matrix least squares (Sheldrick, 1976 (6) 1.402 (7) 1.393 (5) 1.395 (6) 1.527 (6) 1.545 (5) similarity of structure. Integrations of proton spectra 1-523 (6) 1.532 (6) 1.525 (7) 1-520 ( al., 1982) . This is not what is observed in the carbon spectrum of the selena homolog. All these considerations permit the spiro structures (IX) to be excluded unambiguously.
Results and discussion

NMR
Compounds (I) and (II) and the selenium homolog (III) were analyzed in solution by NMR spectroscopy.
For the oxa derivative (I), two-dimensional NMR experiments were needed to interpret the spectra. Further details of two-dimensional NMR may be found in review articles (Freeman, 1980; Been & Gunther, 1983; Morris, 1986; Bax, 1982) . In the following discussion, the molecular numbering defined in the X-ray structure analysis will be used.
A mere examination of the IH and 13C (Table 3 ) NMR spectra of the three compounds clearly reveals a U (Ix) The chemical shift of the C3 atom is compatible with an imidate structure (Meese & Walter, 1985) . The shift of 154.3 p.p.m, for C3 in compound (I) is in accord  with data in the literature for related 1,3-oxazines  (Altman, Gilboa & Ben-Ishai, 1977) . Taking into account the chemistry involved, the compounds clearly have the structures (I)-(III).
Assignments of the other C atoms were obtained for the oxa compound and transposed for the thia and selena homologs. The assignment of quaternary C atoms is rather straightforward owing to their proximity to heteroatoms. Assignment of C16 at ~= 135-98 p.p.m, was obtained by comparison with the hydrogenation products, cis-and trans-cyclohexanespiro-2-(4-phenyl-5-aza-3-oxabicyclol4.4.01dec-4-ene) (Bochu, Couture & Lablache-Combier, 1989) . A two-dimensional experiment correlating carbon and proton shifts was needed for the interpretation of the protonated C atom (Fig. 1) . The methylene groups with non-equivalent protons give rise to two distinct signals which permitted the conclusion that the cyclohexane ring is in the favored chair conformation in agreement with the molecular structure in the solid state.
The assignment of the aliphatic part of the proton spectrum was completed through a COSY-45 twodimensional experiment. Protons belonging to the cyclohexene and to the cyclohexane rings were unambiguously located (Fig. 2) .
The proton at 0.99 p.p.m, is in the axial position and appears as a quadruplet (J= 13.1 Hz) of triplets (J= 3.7 Hz). This pattern results from the identical value of the germinal coupling and of the vicinal axial-axial coupling; the smallest coupling is between axial and equatorial H atoms (Martin & Martin, 1971) . Homodecoupling experiments enable the shifts of the proton in the axial (see first value in Table 3 ) and equatorial positions to be determined. The measurement of all the proton coupling constants was not possible due to overlaps of multiplets, strong coupling and the occurrence of many small coupling constants.
For the selena compounds (III) no crystals were available; nevertheless, its carbon spectrum shows that Fig. 1. 400 MHz ~H-13C shi•correlated two-dimensional NMR spectrum of (I) (aliphatic region).
C
the conformation of the molecule is similar to that of the two former derivatives. Atoms C1 and C3 are flanked with 77Se satellites corresponding to coupling constants of 52.3 and 135.2 Hz respectively. It has been noted that a magnitude of 45 Hz or more for J(77Se-]3C) is indicative of a direct C-Se bond. NMR coupling constants between 77Se and '3C are known to be affected by the hybridization of the C atom ct to the Se atom. Typically, the magnitude of Ij(77Se---13C)
reported in the literature is approximately 50-75 Hz for a C-Se single bond with an sp 3 carbon and 110-140 Hz with an sp 2 carbon depending on the degree of partial C-Se double-bond character (Cullen, Guziec, Murphy, Wong & Andersen, 1981; Meese & Walter, 1985) . These results show that the Se atom is linked to the spiro C atom of the cyclohexane ring and to the imido C atom. Attempts to measure 2j(77Se-13C) and ______w . coupling constants were not conclusive, their magnitude being less than 10 Hz.
X-ray diffraction
Molecular geometry. The cyclohexane rings have the same chair conformation in both structures [the distances between C 1 and C 13 and the mean plane are 0.635 (3), -0.673 (4)/~ for (I), and 0.645 (3), -0.669 (4)/~ for (II)]. The replacement of the O by the S atom brings some changes in the 2-spiro-3-oxa group; the bond angles adjacent to the heteroatom decrease while larger values are observed for the C6-C5-N angle. We note also an important contraction of the C8-C9 bond when an S atom replaces the O atom. The mean plane through the atoms of the bicyclo group (Table 5) shows a larger distortion in compound (II), 
P2-P3
77.1 61.9 * A is O in (I) and S in (II). t Atoms in the least-squares planes are as follows: P~ = A, N, C 1, C3, C5, C6, C7, C8, C9, C10; P2= C16, C17, C18, C19, C20, C21; P3 =Cll, C12, C14, C15. C1 and C9 are, for instance, farther from the mean plane in the compound with S atom. The torsion angles reported in Table 4 , the angles between sheeted planes (Table 5 ) and a Newmann projection along the C3-C 16 bond (see below) complete the description of each molecule and emphasize the discrepancies between them. No quantitative comparisons can be made concerning the conformation of the molecule in the liquid and solid states except that in both states the chair conformation is favored for the cyclohexane ring. A thermal analysis of the molecules in the crystal using the procedure proposed by Schomaker & Trueblood (1968) shows in both structures an isotropic translation of the whole molecule (Table 6) , while the rotational motion in the two cases is quite negligible and the fit of calculated U u terms to those observed is better for the molecule containing the O atom. Without the benzene ring, the agreement between the calculated and observed U u is better in the sulfur compound, showing that this part of the molecule is reasonably rigid (the e.s.d, on this difference is 0.0023 A 2 compared with an estimated precision of the U u from least-squares refinements of 0.0025 A2). This rigidity is certainly related to the nature and strength of the interactions between the H atoms of the cyclohexane ring and the electronic cloud of the S atom; however, there is no intramolecular hydrogen bond.
177.2
In a second calculation, all the atomic vibrations were fitted by the rigid-body plus non-rigid librating group (TLS + fl) model of Dunitz & White (1973) and Trueblood (1978) . The non-rigidly attached benzene ring undergoes torsional oscillations around the C3-C16 bond with r.m.s, amplitudes of 4.09 (1.1) and 5.02 (1.5) for (I) and (II), respectively.
These values confirm our previous remarks and are in agreement with the observed shape of the thermal ellipsoids (Fig. 3) . Molecular packing. Fig. 4 illustrates the packing of the molecules in the plane (101) for the oxa compound and (110) for the thia derivative. No intermolecular distances are less than the sum of the van der Waals radii of the atoms involved, except the S-S distance (3.67 A) which is just at the limit of the sum of the van der Waals radii.
For the oxa compound, the mean plane of the molecule (excluding the cyclohexane ring) is almost in the plane (101). The packing of the molecules can be described in terms of columns almost parallel to the b direction.
Concluding remarks
The one-and two-dimensional NMR studies allow an almost complete assignment of the 'H and '3C resonances of the different compounds. The conformations of the molecules in solution are almost identical and should also be very similar to those obtained in the solid state. 
